Band gap engineering is indispensable in nowadays electronics and optoelectronics since a variety of artificial band gaps build on the basics for the optimization and innovation in diverse device applications. Recently, the emergence of two dimensional (2D) materials with a direct band gap opens up a new avenue for improving the integrity in devices. Similar to the bulk semiconductors, the band gaps of 2D materials are changeable and can be modified by applying strains [1] [2] [3] [4] [5] 
Band gap engineering is indispensable in nowadays electronics and optoelectronics since a variety of artificial band gaps build on the basics for the optimization and innovation in diverse device applications. Recently, the emergence of two dimensional (2D) materials with a direct band gap opens up a new avenue for improving the integrity in devices. Similar to the bulk semiconductors, the band gaps of 2D materials are changeable and can be modified by applying strains [1] [2] [3] [4] [5] , functionalization 6, 7 and chemical doping [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . As a promising 2D alloy system, the direct band gaps of monolayer Mo 1−x W x S 2 crystals have been demonstrated to strongly depend on Mo/W ratios 12, 15, 18 . Although monolayer Mo 1−x W x S 2 nanosheets have been obtained by mechanical exfoliation 15, 19 , it is technically inappropriate to implement the nano-sized fragments into devices for practical applications. On the other hand, while chemical vapor deposition (CVD) has been widely used to grow monolayer MoS 2 and WS 2 with high crystallinity [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] , the atomic-scale uniformly mixed Mo 1−x W x S 2 2D alloys have not been successfully achieved by conventional CVD despite many efforts have been devoted to this problem [37] [38] [39] . In previous CVD growth of pristine MoS 2 and WS 2 monolayers, MoO 3 and WO 3 powders have been used as the transition metal sources and S powder as the reductant source [20] [21] [22] [23] [24] [25] [26] 28, 29, [31] [32] [33] [34] 36 . MoO 3 is partially reduced by sulfur vapor to form volatile MoO 3−x at ~500 °C, and the growth of MoS 2 can be attained at a temperature as low as 530 °C 21, 24 . In contrast, WO 3 or WO 3−x has a poor volatility and requires a high temperature up to ~1000 °C for vaporization. Thus, the CVD temperature for WS 2 growth is not lower than 800 °C by using WO 3 or WO 3−x as the precursor 26, 28, 33 . The large CVD temperature gap between MoS 2 and WS 2 growth makes it difficult to control the supply of the two oxide precursors for the synthesis of monolayer Mo 1−x W x S 2 alloys. As a result, MoS 2 is usually deposited prior to WS 2 , resulting in the formation of two-phase MoS 2 /WS 2 heterostructures, rather than Mo 1−x W x S 2 alloys with a uniform composition and a well-defined band gap 17 . Although very recently monolayer and multi-layer Mo 1−x W x S 2 alloys have been obtained by atomic layer deposition 12 , sulfurization of co-sputtered Mo 1−x W x thin films 37 and other methods 38, 39 , the monolithic Mo 1−x W x S 2 monolayers with tunable compositions and band gaps have not been realized by the conventional CVD method. In this study, we report a facile method for the synthesis of compositionally homogeneous monolayer Mo 1−x W x S 2 (x = 0-1) single crystals based on low-pressure (LP) CVD in a conventional CVD system. The band gaps of the synthesized monolayer alloys can be tailored by changing the Scientific RepoRts | 6:21536 | DOI: 10.1038/srep21536
Mo/W ratios, demonstrating the feasibility of realizing band gap engineering in 2D materials by the conventional CVD method.
Results
LP-CVD growth of monolayer Mo 1−x W x S 2 alloys. Different from previous CVD studies in which WO 3 powders were used as the W source, in this study a highly volatile W-containing precursor WCl 6 was chosen. WCl 6 sublimates at much lower temperature below 100 °C 27, 30, 40 and the temperature required for WS 2 growth can be reduced to ~700 °C, which is very close to the CVD temperature of MoS 2 using MoO 3 as the precursor 30 . Therefore, MoO 3 and WCl 6 powders can be simultaneously used as the Mo and W sources for the CVD growth of monolayer Mo 1−x W x S 2 alloys and the Mo/W ratio can be tailored by tuning the MoO 3 and WCl 6 supplies. Figure 1a schematically illustrates the reactions during CVD process. Gas species MoO 3−x and WCl 6 are transported to the glass substrate, adsorb to and diffuse on the surface before being completely sulfurized and rearranged to form a Mo 1−x W x S 2 alloy layer. Details about the CVD setup (Fig. 1b) and temperature profile (Fig. 1c ) used in this study will be described in Methods section.
We noticed that the formation of MoS 2 /WS 2 heterostructures cannot be completely avoided even if the WS 2 growth temperature has been reduced to close to that of MoS 2 by using the highly volatile WCl 6 precursor. This is caused by uncontrollable sublimation of WCl 6 and MoO 3 during CVD temperature rising and cooling. The different temperature dependence of WCl 6 and MoO 3 sublimations leads to the separated deposition of MoS 2 and WS 2 in temperature rising/decreasing stages. To achieve homogeneous growth of monolithic Mo 1−x W x S 2 monolayers, the suppression of uncontrollable film deposition during temperature rising and cooling is critical. We utilized a high Ar flow rate to prevent the separate chemical deposition of MoS 2 or WS 2 during CVD temperature rising. It was found that the film deposition can be completely suppressed when the Ar flow rate is higher than ~2000 sccm (Fig. S1a,b, Supplementary Information) . This suppression of deposition may originate from the low sublimation rates of sulfur source and MoO 3−x and WCl 6 precursors at high pressures at which neither MoS 2 nor WS 2 can grow (Fig. S2, Supplementary Information) . After the CVD temperature reaches to the designed value and is stabilized for 1 ~ 2 min, the Ar flow was then decreased to 500 sccm for homogeneous Mo 1−x W x S 2 growth.
It has been found that MoO 3 suffers from the reduction by sulfur vapor and only partially reduced volatile MoO 3−x can be transported to substrates for Mo 1−x W x S 2 growth while nonvolatile MoS 2 by excessive reduction forms a cap layer covering MoO 3 source. The cap layer becomes thicker and thicker with CVD time. Since the production and transport of MoO 3−x require sulfur vapor and MoO 3−x vapor to diffuse through the MoS 2 cap layer, the nonvolatile MoS 2 cap layer results in the decrease of the MoO 3−x supply rate during CVD. In contrast, the simple sublimation of WCl 6 keeps a constant supply rate at a designed CVD temperature. The de-coupling between the W and Mo supply rates leads to a compositional gradient in the grown monolayer Mo 1−x W x S 2 crystals with Mo-rich centers and W-rich rims (Fig. S3, Supplementary Information) . Thus, to avoid the composition gradient, it is essential to maintain a constant ratio of Mo and W supply rates, which has been succeeded by gradually lowering down the heating temperature of WCl 6 source during CVD growth as shown in Fig. 1c . Additionally, monolayer Mo 1−x W x S 2 samples with different compositions can be obtained by adjusting the amount of the WCl 6 source.
Microstructure characterization of Mo 1−x W x S 2 alloys. The LP-CVD method allows us to grow large-scale Mo 1−x W x S 2 films with tunable compositions and thickness. However, the continuous 2D films are difficult to be identified by optical microscopy and even scanning electron microscopy (SEM) (Fig. S9) . In contrast, the as-grown Mo 1−x W x S 2 flakes are visible under an optical microscope (Fig. 1d) , which are mainly used for the characterization of structure, chemistry and optical properties. The grey triangular flakes with the lateral size of around 5 μ m are monolayer Mo 1−x W x S 2 and the bright ones with the size of 2 ~ 3 μ m are multilayer ones, which can be elucidated by photoluminescence spectroscopy and high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) images (Fig. S4, Supplementary Information) . The as-grown Mo 1−x W x S 2 flakes were transferred to holey carbon coated Cu grids for STEM characterization. As shown in Fig. 2a -d, the energy dispersive X-ray spectroscopy (EDS) mappings reveal the homogeneous distributions of Mo, W and S in a triangular flake, manifesting that the as-grown Mo 1−x W x S 2 crystals are a homogeneously mixed alloy, rather than a MoS 2 /WS 2 heterostructure.
The atomic structure of the monolayer Mo 1−x W x S 2 alloys was visualized by HAADF-STEM ( Fig. 2e ) in which W atoms show a brighter contrast than Mo atoms because of the mass difference. Again, the random mixture of Mo and W atoms in the alloy is confirmed although the short-range chemical order and chemical fluctuation of both W and Mo can be identified in the atomic image. By simply counting the numbers of Mo and W, the compositions of the monolayer samples can be determined. For example, the composition of the sample shown in Fig. 2e is measured to be Mo 0.3 W 0.7 S 2 , which is consistent with the macroscopic composition of Mo 0.33 W 0.67 S 2 determined by X-ray photoelectron spectroscopy (XPS) from the entire sample. The atomic images reveal that the as-grown Mo 1−x W x S 2 monolayer alloys contain two phases: metallic 1T and semiconductor 1H. Although the 1T phase has been observed in pristine MoS 2 and WS 2 before [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] , it is the first observation of 1T in the monolayer Mo 1−x W x S 2 grown by CVD. The phase identification is based on the contrast of S atoms. Since S atoms are much lighter than Mo and W, they are almost invisible in the metallic 1T phase due to the misaligned two sulfur layers as shown in Fig. 2e (upper part) . In contrast, they are able to show the discriminable contrast in 1H in which two sulfur atomic layers project on each other in each sulfur atomic column and have enhanced intensity in the HAADF-STEM image (Fig. 2e, lower part) . Hence, the difference between the atomic structure of 1H and 1T can be easily identified from the intensity profiles taken from the two phases (Fig. 2h) . The interface between 1H and 1T phases is indicated by a blue dashed line in Fig. 2e . The intensity profile along the orange dashed line across the phase boundary is shown in Fig. 2i for detailed view. The phase boundary is formed by the displacement of one of the two S layers on a single side in agreement with previous observations in 1T/1H mixed monolayer MoS 2 41, 45, 49 . The arrangement and orientation of Mo and W atoms remain undisturbed across the 1H/1T interface as confirmed by the nearly identical fast Fourier transform (FFT) patterns (Fig. 2e-g ) from two phases (red short dashed line in 1H and green short dashed line in 1T region), similar to previous observations of the co-existence of 1T and 1H in monolayer MoS 2 41 . Only 1T structure, rather than the distorted 1T (1T') structure which is often observed in 1T-WS 2 monolayer 47, 52 , was observed even at locally W-rich compositions (x = 0.6 ~ 0.8). In addition, the domain sizes of the 1T phase appear larger than tens of nanometers since a single domain cannot be covered by the field of vision in STEM at a magnification large enough for the discrimination of 1T or 1H phase. The relation between the local Mo/W atomic ratio and 1T or 1H phase in the Mo 0.33 W 0.67 S 2 2D crystals is statistically analyzed by using the HAADF-STEM images randomly acquired from different regions of 1T and 1H phases. Both phases have a similar and homogeneous composition with small variation of local W proportion in the range from ~60% to ~80%. Based on a typical HAADF-STEM image, spatial distribution of W proportion x is shown in (Fig. S5c,d, Supplementary Information) . The standard deviation of the average number of the nearest Mo neighbors of Mo and W atoms from 6(1− x) (x = 0.67 in this case) are 1.19 and 1.14 corresponding to Fig. S5c,d respectively, manifesting the atomic scale homogeneity of the as-grown sample.
X-ray photoelectron spectroscopy (XPS) analysis. XPS was used to study the valence states and chemical composition of the 2D Mo 1−x W x S 2 alloys. Figure 3 (upper) shows the XPS results of Mo and W in the as-grown Mo 0.33 W 0.67 S 2 alloy. For comparison, we also measured the XPS spectra of monolayer MoS 2 ( Fig. 3 lower left) and WS 2 ( Fig. 3 lower right) grown under the same CVD conditions by using single precursors. Based on the valence states, the trigonal prismatic 1H phase and octahedral 1T phase, can be identified from the XPS spectra [46] [47] [48] [49] [50] [51] 53, 54 . In contrast to the spectra of pristine MoS 2 and WS 2 monolayers which only show the XPS peaks from the trigonal prismatic 1H phase, the splitting of Mo or W bands in Mo 1−x W x S 2 samples verifies the coexistence of 1H and 1T phases, confirming the HAADF-STEM observations. The core levels of Mo 3d 3 According to the integral intensities of Mo and W peaks from each phase, the volume ratios of 1T to 1H phases and the compositions of each phase can be approximately estimated. By plotting the volume ratio of 1T phase against the W fraction, one can see that the fraction of 1T phase shows the maximum at the composition of about the half substitution of Mo atoms (Fig. S6) . In this composition range, the 2D alloys have the maximum configurational entropy and the largest lattice strain caused by the atomic size difference between W and Mo although the size difference is very small. Both the chemical effect and local lattice strains are expected to reduce the energy barrier for the phase transformation from 1H to 1T. Moreover, the thermal strains induced by the mismatch of thermal expansion coefficients between Mo 1−x W x S 2 films and substrates may also play an important role in the formation of metastable 1T phase because the release of thermal strains by annealing can lead to the transformation from 1T to 1H. Since the 1T phase can transform into 1H phase with an unchanged Mo/W ratio by annealing at elevated temperatures, the 1H phase should be thermodynamically preferred one of the monolayer Mo 1−x W x S 2 crystals grown by CVD, which is similar to that in the pristine MoS 2 and WS 2 47,49-51,54 .
Raman and photoluminescence spectroscopy of monolayer Mo 1−x W x S 2 crystals. Raman spectroscope measurements were employed to characterize the structure of the monolayer Mo 1−x W x S 2 crystals. Figure 4b shows the Raman spectra acquired at five spots along a line across a monolayer Mo 0.33 W 0.67 S 2 triangular flake on the glass substrate (Fig. 4a) . The nearly identical spectra, in particular the positions of the characteristic Raman bands, further suggest the microscopic homogeneity of the as-grown 2D alloy crystals. The relatively lower intensities of the spectra from the spot 1 and 5 are because only a part of the laser beam shed on the sample at those locations. Three main phonon modes can be observed in the monolayer Mo 1−x W x S 2 alloys under 514.5 nm excitation, assigned to WS 2 -like E' at 357.0 cm (Fig. 4b) . Here, Raman modes are noted in reference to the corresponding modes in monolayer MoS 2 and WS 2 55 . A' 1 phonon mode is the out-of-plane vibration of sulfur atoms. For MoS 2 /WS 2 heterostrutures, it splits into two frequencies corresponding to monolithic MoS 2 and WS 2 56 . The observed single A' 1 mode without peak-splitting in this study provides Raman evidence that the Mo 1−x W x S 2 alloys grown by LP-CVD are the homogeneous mixture of Mo and W atoms in solid solution, not MoS 2 /WS 2 heterostructures. In addition, weak Raman signals can also be seen in the low frequency range below 250 cm −1 (Fig. S7, Supplementary Information) , which may be the signals from the 1T phase in the 2D alloys because similar Raman bands have been observed in 1T MoS 2 and WS 2 before 47, 49, 51, 57 . Photoluminescence (PL) spectra from the five spots marked in Fig. 4a also show the near constant peak position of the A excitonic emission from the direct band gap at 643 nm (1.93 eV) (Fig. 4c,d) , while the absence of the B excitonic emission signal, which is expected to appear at the lower wave length side of A exciton 58, 59 , suggests the high crystallinity of the 2D crystal grown by LP-CVD 21 . The nearly identical A exciton peak positions verify the homogeneous exciton energy and therefore a consistent direct band gap across the monolayer Mo 1−x W x S 2 crystal.
Discussion
Since the composition of the Mo 1−x W x S 2 monolayers can be customized by changing supply rates of Mo and W, Mo 1−x W x S 2 monolayers with various Mo/W ratio (x ranging from 0-1) were grown by simply changing the amount of MoO 3 and WCl 6 precursors (Table S1 , Supplementary Information). The dependence of Raman and PL spectra on Mo/W ratios of the monolayer Mo 1−x W x S 2 alloys is shown in Fig. 4e,f. With the increase of W fraction, Scientific RepoRts | 6:21536 | DOI: 10.1038/srep21536 WS 2 -like E' (+ 2LA) and A' 1 Raman modes show blue-shift and MoS 2 -like E' shows red-shift. Meanwhile, the relative intensity of WS 2 -like E' (+ 2LA) increases and MoS 2 -like E' decreases with the increase of W. From the PL results shown in Fig. 4f ,g, the optical band gaps of the monolayer Mo 1−x W x S 2 can be calculated, which exhibits a bowing effect with the increase of Mo/W ratios. By fitting the curve with the following equation:
the bowing factor b was calculated to be ~0.26 eV, in good agreement with the reported value 12 . Therefore, the tunable direct band gaps of the monolayer Mo 1−x W x S 2 can be achieved by the LP-CVD method. Note that the full width at half maximum (FWHM) of the exciton peak in the PL spectra of the monolayer Mo 1−x W x S 2 alloys (69 meV for x = 0.26, 81 meV for x = 0.47, 80 meV for x = 0.67) is obviously larger than those of the pristine MoS 2 (57 meV) and WS 2 (60 meV) (Fig. 4f and Fig. S8, Supplementary Information) . The enlargement of FWHM can be attributed to the large spread of band gaps under fixed x in the range of x = 0.33 ~ 0.60, which is the result of intrinsic polymorphism of the system predicted by a previous theoretical study 60 . It is worth noting that the formation of the 1T phase does not noticeably affect the PL peak positions since the peak shift cannot be seen in the annealed samples with nearly pure 1H phase.
The successful growth of the monolayer Mo 1−x W x S 2 alloys with homogeneously mixed W and Mo in 2D crystals benefits from the LP-CVD process that allows the simultaneous deposition of W and Mo at a constant atomic ratio. Moreover, the preference of hetero-atomic bonding under kinetic equilibrium conditions results in the random mixture of Mo and W atoms, which is maintained in Mo 1−x W x S 2 crystals without MoS 2 and WS 2 phase separation 13 . Therefore, as long as the ratio of supply rates of Mo-and W-containing precursors is adjusted to be constant during growth, chemically homogeneous Mo 1−x W x S 2 monolayers with tunable compositions and band gaps can be obtained by the LP-CVD method. After lowering down the deposition rate by reducing the amount of both precursors, growth of multilayers can be largely suppressed (Fig. S9a, Supplementary Information) . And at the same time increasing deposition time leads to the coalescence of Mo 1−x W x S 2 monolayer flakes into a large area sheet (Fig. S9b, Supplementary Information) . Our LP-CVD method for the growth of continuous Mo 1−x W x S 2 monolayer films shows notable flexibility in composition control and feasibility of mass production compared with conventional methods, such as chemical vapor transport (CVT) and mechanical/chemical exfoliation. Finally, the appearance of metastable 1T phase enables the incorporation of phase engineering into the alloying of TMDCs for device applications.
In summary, we have successfully developed a facile LP-CVD route for growing monolayer Mo 1−x W x S 2 crystals using a conventional CVD system. The monolayer Mo 1−x W x S 2 alloys with different compositions have intense A excitonic photoluminescence, which shows the strong dependence on Mo/W ratios of the monolayer alloys. As a result, the direct band gaps of the 2D Mo 1−x W x S 2 can be continuously tuned by altering W proportions in the 2D alloys. This work may pave a new way for fulfilling the applications of band gap engineering in 2D materials by LP-CVD growth of composition-controllable monolayer alloys. In addition, the co-existence of semiconducting 1H and metallic 1T phase is for the first time observed in CVD grown 2D dichalcogenides, which may be important in tuning electronic structures and exploring superconductivity in 2D alloy crystals [61] [62] [63] .
Methods
LP-CVD of monolayer Mo 1−x W x S 2 alloys. Three precursor sources and a substrate were placed in the sequence of WCl 6 (Sigma Aldrich, purity 99.9%, ~5 mg), sulfur (Wako Pure Chemical Industry, purity 99%, 1.0 g), MoO 3 (Sigma Aldrich, purity > 99.5%, ~5 mg) and micro slide glass substrate (Matsunami Glass, S1214) from upstream to downstream in a 2-inch quartz tube as shown in Fig. 1b . Temperatures of the sources and substrate were controlled separately by heating in different furnace zones. Ultra-pure Argon was used as the carrier gas and the pressure inside the quartz tube was controlled by adjusting the Ar flow rate. As shown in the temperature profiles in Fig. 1c , the growth recipe involves three stages: temperature rising stage (first 10 min), growth stage (next 15 min) and cooling down stage (last 5 min). In the temperature rising stage, temperatures of the sources and the substrate rose to and were stabilized at their designed values (35 °C for WCl 6 , 130 °C for sulfur, 520 °C for MoO 3 and 700 °C for substrate) in 10 min under the Ar flow rate of 2000 sccm (corresponding to 5.1 mbar). In the growth stage, Ar flow rate was switched to 500 sccm (2.1 mbar) to initiate the supply of all the species to substrate for film growth. The temperatures of the precursor sources of sulfur and MoO 3 and the substrate were kept constant for 15 min while the temperature of WCl 6 gradually dropped from 35 °C to 25 °C. Finally, in the cooling down stage, WCl 6 was rapidly cooled down to 15 °C and the others to room temperature in 5 min to end the CVD growth. As-grown samples were transferred by using the standard PMMA-assisted transfer method. The as-grown samples were first spin-coated with poly(methyl methacrylate) (PMMA, Micro chem. 950K A4). 2M NaOH aq. was used to assist the detachment of samples from glass substrate. After fishing out the PMMA coated Mo 1−x W x S 2 samples by other substrates, PMMA was dissolved by acetone.
Microstructure and property characterization. Raman and PL spectra were acquired by a confocal Raman spectroscopic system (Renishaw InVia RM 1000) with 514.5 nm excitation laser at the power of 10 mW and 2 mW respectively. The atomic structure and chemical analysis of the 2D alloys were characterized by HAADF-STEM and STEM-EDS by utilizing a high resolution TEM system (JEOL JEM-2100F) with double spherical aberration correctors for imaging and probing lenses. The TEM observations were performed at the acceleration voltage of 200 kV and the spatial resolution of the STEM is ~0.1 nm. XPS measurements were performed by AXIS ultra DLD (Shimazu) with Al Ka using X-ray monochromator. The peaks were fitted by Voigt functions with Lorentzian ratio of 30% and Gaussian ratio of 70% using the software CasaXPS from Casa software Ltd. The branching ratios for spin orbit split components of 3d and 4f orbitals are 3d 5/2 :3d 3/2 = 3:2 and 4f 7/2 :4f 5/2 = 4:3 respectively. Sensitive factors for Mo 3d and W 4f are 3.321 and 3.523 respectively.
